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        Introduction: Primitive carbonaceous chondrites 
contain a wide variety of organic material, ranging from 
soluble discrete molecules to insoluble, unstructured 
kerogen-like components, as well as structured nano-
globules of macromolecular carbon. The relationship 
between the soluble organic molecules, macromolecular 
organic material, and host minerals are poorly under-
stood. Due to the differences in extractability of soluble 
and insoluble organic materials, the analysis methods 
for each differ and are often performed independently 
[1,2]. The combination of soluble and insoluble anal-
yses, when performed concurrently, can provide a wider 
understanding of spatial distribution, and elemental, 
structural and isotopic composition of organic material 
in primitive meteorites. Using macroscale extraction 
and analysis techniques  in combination with in situ mi-
croscale observation, we have been studying both insol-
uble and soluble organic material in the primitive CR2 
chondrite Miller Range (MIL) 090657. In accompany-
ing abstracts (Cao et al. and Messenger et al.) we discuss 
insoluble organic material in the samples. By perform-
ing the consortium studies, we aim to improve our un-
derstanding of the relationship between the meteorite 
minerals and the soluble and insoluble organic phases 
and to delineate which species formed within the mete-
orite and those that formed in nebular or presolar envi-
ronments.  
        In this abstract, we present the results of amino 
acid analyses of MIL 090657 by ultra performance liq-
uid chromatography with fluorescence detection and 
quadrupole-time of flight mass spectrometry. Amino 
acids are of interest because they are essential to life on 
Earth, and because they are present in sufficient struc-
tural, enantiomeric and isotopic diversity to allow in-
sights into early solar system chemical processes. Fur-
thermore, these are among the most isotopically anom-
alous species, yet at least some fraction are thought to 
have formed by aqueously-mediated processes during 
parent body alteration [4,8,9] 
        Samples and Analysis Methods: MIL 090657 has 
not been extensively characterized, but based on availa-
ble data and its petrographic description, it appears to 
have experienced minimal aqueous alteration [3]. There 
have been no previous organic studies reported in the 
literature. Sample processing for amino acid analyses 
was performed as described in depth elsewhere [4], and 
is briefly described here. Procedural blank samples were 
processed in parallel with a crushed meteorite sample 
(153 mg) that was placed in an ampoule with 1 mL ul-
trapure water. The ampoules were sealed, and placed in 
an oven at 100 ºC for 24 h. For each sample, the super-
natant was removed, divided into two equal aliquots, 
and dried down in separate vials. One aliquot of each 
sample was set aside for the analysis of free amino ac-
ids. The other aliquot was subjected to acid vapor hy-
drolysis (6N HCl) at 150 ºC for 3 h, to convert amino 
acid precursors to free amino acids (total amino acids = 
free + acid-labile). The samples were then  purified by 
cation-exchange chromatography (BioRad AG50W X-
8 resin) and eluted with aqueous ammonia (2M). The 
samples were dried down under vacuum, then brought 
up in water. Aliquots of the sample were derivatized im-
mediately prior to analysis by OPA/NAC derivation. 
The data presented herein are reported from analyses by 
liquid chromatography – UV fluorescence detection, 
though subsequent analyses are being performed by liq-
uid chromatography with fluorescence detection and 
hybrid quadrupole time-of-flight mass spectrometry.  
 
 
Table 1. Selected amino acid abundances from acid-hy-
drolyzed samples in a range of CR chondrites. MIL 
090657 data are from this study; the remainder are from 
Glavin et al. 2010 [5].  
        Results: We detected a broad suite of proteino-
genic and non-proteinogenic amino acids in MIL 
090657 totaling more than 200 parts-per-million (ppm; 
Table 1). An extraterrestrial origin for most of the amino 
acids in MIL 090657 is supported by multiple lines of 
evidence. First, many of the proteinogenic amino acids 
including aspartic acid, glutamic acid, and alanine are 
present as racemic mixtures (the D/L ratio is ~1). Be-
cause biology has a strong preference for L-amino acids, 
amino acids arising from terrestrial contamination tend 
to have D/L ratios of 0.3 or less [6]. A second line of 
evidence supporting an extraterrestrial origin for amino 
Amino acid GRO 95577 
(CR1) 
EET 92042 
(CR2) 
MIL 090657 
(CR2) 
QUE 99177 
(CR3) 
Amino acid abundances 
Total of listed amino acids (ppb) 1,160 240,000 213,000 51,400 
D+L aspartic acid <10 2,040 5,640 1,080 
D+L glutamic acid <10 12,000 26,000 7,000 
Glycine 278 55,000 52,900 14,100 
β-alanine 295 4,160 175 2,000 
D+L-alanine 81 81,400 72,000 7,130 
D+L-α-amino-n-butyric acid 45 20,900 11,500 3,300 
α-aminoisobutyric acid 175 56,800 38,600 14,200 
D+L-β-amino-n-butyric acid 130 6,020 3,310 1,260 
γ-amino-n-butyric acid 140 2,620 2,940 1,320 
D/L ratios 
aspartic acid (D/L) n.d. 1.01 1.16 1.02 
glutamic acid (D/L) n.d. 0.99 0.85 1.02 
alanine (D/L) 1.31 0.97 1.00 1.01 
 
https://ntrs.nasa.gov/search.jsp?R=20160002395 2019-08-31T03:52:07+00:00Z
acids is the presence of several amino acids that are rare 
or absent from the terrestrial biosphere, including α-
aminoisobutyric acid (AIB) and β-amino-n-butyric acid. 
Compound-specific stable isotope ratio measurements 
such as δ13C, δ15N or δD could be used to unambigu-
ously confirm an extraterrestrial origin; those measure-
ments are underway. 
  
        Discussion: Consistent with its CR2 classification, 
the total and amino acid abundances in MIL 090657 are 
similar to those found in another CR2 chondrite, Ele-
phant Moraine (EET) 92042, and ~4 to 200-fold higher 
than in CR1 and CR3 chondrites [6]. Considering that 
Davidson and coworkers [3] reported that MIL 090657 
experienced minimal aqueous alteration perhaps more 
consistent with a type 2.7 petrologic type, it was surpris-
ing that amino acid abundances in MIL 090657 more 
closely resembled the type 2 EET 92042 than the type 3 
Queen Alexandria Range (QUE) 99177, as amino acid 
contents in meteorites of the same group and petrologic 
type tend to agree within ~25% [4]. However, QUE 
99177 may not be representative of CR3 chondrites, as 
it was found to contain roughly half the amino acid con-
tent of the only other CR3 chondrite, Meteorite Hills 
(MET) 00426, which contains similar abundances of 
amino acids as EET 92042 [7]. Thus, while it is clear 
that meteorites that experienced extensive aqueous al-
teration (i.e., petrologic type 1) have significantly lower 
amino acid abundances than less altered meteorites, 
minimal to moderate aqueous alteration appears to have 
much smaller effects on amino acid abundances.   
        The amino acids in MIL 090657 are predominantly 
α-amino isomers, again consistent with the amino acid 
distribution of EET 92042 (e.g., Figure 1). The predom-
inance of α-amino acid isomers over non-α-amino acid 
isomers suggests that the Strecker-cyanohydrin path-
way for amino acid formation was predominant on the 
MIL 090657 parent body [4, 8]; in the context of the 
amino acids analyzed here, this synthetic pathway in-
volves the aqueously-mediated reaction of aliphatic al-
dehydes and ketones with ammonia and hydrogen cya-
nide, implying that these precursor molecules were 
abundant in the parent body. Thus, some souble organ-
ics appear to record aqueous alteration that is only min-
imally reflected in the mineralogy of this meteorite. As 
was the case with the amino acid abundances, there ap-
pear to be only minor changes in amino acid structural 
distributions between meteorites that experienced mini-
mal and moderate aqueous alteration, while meteorites 
that experienced extensive aqueous alteration have no-
ticeably different amino acid distributions. 
        Conclusion: The CR2 chondrite MIL 090657 was 
found to contain abundant amino acids that are almost 
certainly extraterrestrial in origin. The abundances and 
distributions of amino acids are most similar to other CR 
chondrites that experienced minimal to moderate aque-
ous alteration. With more than 100 g of sample mass 
available for study, MIL is among the largest CR2 chon-
drites that we have in our collection. The combined re-
sults of this work and the related abstracts (Cao et al. 
and Messenger et al.), all performed on the same ~4g 
sub-sample, represent the initial steps in a consortium 
characterization of MIL 090657 that is intended to 
bridge the gap in our knowledge between mineralogy, 
parent body processing, and soluble and insoluble or-
ganic matter. Future work in soluble organics include 
the analysis of amines and hydroxy acids in MIL 
090657, in situ L2MS analyses, and extractions of 
smaller sample masses of MIL 090657 to try to better 
match the scale between mineralogy and soluble organ-
ics measurements.  
 
 
Figure 1. Fraction of four-carbon aliphatic amino ac-
ids that are α-amino (= D+L-α-amino-n-butyric and 
α-aminoisobutyric acids), β-amino (= D+L-β-amino-
n-butyric acid), or γ-amino (= γ-amino-n-butyric 
acid) isomers. Data are from this work and [6].  
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